FeRh is known to become ferromagnetic upon heating. It is surprising, however, that depending on the employed experimental technique the measured speeds of the emergence of magnetization in FeRh can differ by 3 orders of magnitude while the mechanism of this emergence remains unclear. Here we resolve this controversy by using laser-induced THz emissivity as a multiscale probe of the magnetization. In particular, we show that the net magnetization emerges only after 20 ps and rises on a timescale of 100 ps. We find that laser-induced ferromagnetic domains nucleate in the bulk of FeRh and propagate at a speed at the scale of 40 m/s.
FeRh is known to become ferromagnetic upon heating. It is surprising, however, that depending on the employed experimental technique the measured speeds of the emergence of magnetization in FeRh can differ by 3 orders of magnitude while the mechanism of this emergence remains unclear. Here we resolve this controversy by using laser-induced THz emissivity as a multiscale probe of the magnetization. In particular, we show that the net magnetization emerges only after 20 ps and rises on a timescale of 100 ps. We find that laser-induced ferromagnetic domains nucleate in the bulk of FeRh and propagate at a speed at the scale of 40 m/s.
Understanding how fast short-range interactions build up long-range order is one of the most intriguing topics in condensed matter physics. This is a particularly interesting problem in magnetism where the microscopic spin-spin exchange interaction is ultimately responsible for the ordering of spins and the emergence of a macroscopic net magnetization. The first-order phase transition in FeRh from the antiferromagnetic (AFM) to the ferromagnetic (FM) phase has attracted considerable attention in the field of ultrafast phenomena [1] and spintronics [2] . At temperatures far below the phase transition (TPT = 360 K), the material is in the AFM phase with two antiparallel sublattices formed by Fe ions with no moment on the Rh sites. Far above TPT, the material is in the FM phase with a parallel alignment of the magnetization of the Fe and Rh sublattices. The first-order AFM-FM phase transition at TPT, i.e. the emergence of the FM order and a net magnetization upon heating has become a heavily debated and controversial subject in magnetism.
The availability of ultrafast heatersfs laser pulseshas initiated a plethora of experimental studies of the speed at which the magnetization emerges. Pump-probe experiments on FeRh in the visible and near-infrared spectral range claimed that a fs laser excitation results in the ps emergence of a net magnetization [3] , [4] . More recent work in the THz spectral range supported the claim [5] . However, these findings were contradicted by studies in the X-ray domain which claimed that the magnetic phase transition occurs on a much longer timescale up to 100 ps [6] [7] [8] [9] .
One of the main reasons of the controversy is that all these time-resolved studies of the laser-induced phase transition employed stroboscopic techniques such as pump-probe [3] , [4] or THz emission spectroscopy [5] (see Fig. 1(a, b) ). Such techniques require that after each excitation event the medium relaxes back to the very same state before the next pump arrives on the sample. However, the first-order phase transition implies a transition between two co-existing phases. This is evidenced by both the temperature hysteresis of the phase transition and the direct observation of FM domains which nucleate at random positions and temperatures, even far below TPT [10]- [15] . Here we resolve this controversy of the ultrafast kinetics of the first-order phase transition in FeRh (see Fig. 1 (c)) by measuring not the single-pump THz emission, but the change in the emission strength of the THz radiation using a double-pump scheme. Here we define the change in the strength of the THz emission electric field (ΔE) due to an ultrashort laser pulse as laser-induced THz emissivity (note that our definition is different from the standard optical one, which defines emissivity in terms of radiated power, but not the emitted electric field). The change in the THz emission electric field (ΔE) is the difference between the THz electric field induced by a single pump alone and the THz electric field induced by two pumps. Earlier, a similar approach was shown to efficiently reveal multiscale dynamics in classical semiconductors [16] , [17] , but the feasibility and the potential of the technique for studies of the kinetics of first-order phase transitions have not been demonstrated until now. Contrary to the conventional single-pump THz spectroscopy method, based on the time domain detection of the electric field of the THz radiation emitted from a medium as a result of an excitation by a single fs laser pump pulse (see Fig. 1 (a, b)), in this work we use two pump pulses. The details of the experimental setup are explained in Supplementary (1), an illustrative picture is shown in Fig. 1(d) . Figure 1(d) shows the electric fields of the THz radiation emitted after excitation by pump 1 (red, solid line) and pump 2 (blue, dashed line), respectively. The first pump pulse (pump 1) excites the medium at a repetition rate of 500 Hz, while the repetition rate of the second pump (pump 2) is 1 kHz. This allowed us to detect the emitted THz radiation from pump 1 (red, solid line) as well as the change in the strength of the THz radiation from pump 2 (ΔE of the dashed, blue line) simultaneously. Using electro-optical sampling with the help of a ZnTe crystal and a gate pulse at a time delay , we detect the electric field of the THz radiation emitted at the moment when pump 2 interacts with the sample. By realizing lock-in detection at the repetition rate of pump 1 (500 Hz), we are able to deduce the change in the THz electric field amplitude ΔE (see Fig. 1(d) ) as a result of the dynamics between the combination of pump 1 and 2 and pump 2 alone. Further details are discussed in Supplementary (2) . In our experiments we fixed the arrival time of pump 2 and varied the time delay between pump 1 and 2 which we define as Δt. The dynamics of ΔE measured in such a way can be seen as a multiscale probe of the laser-induced magnetization dynamics from the sub-ps to ns time domain.
For our purpose we have grown epitaxial FeRh thin films with a high magnetic and structural quality embedded in a MgO/FeRh(40nm)/Pt(5nm) heterostructure (see Supplementary ( 3) for the magnetic characterization). The capping with Pt-layer in addition to protecting the FeRh film also enhances the THz emission of the medium as it was shown in Refs. [5] , [18] , [19] . Taking the same Cartesian coordinates as in Fig. 1 , the pump pulses and their respective THz waveforms propagate along the -axis, a magnetic field was applied in the sample plane along the ̂-axis and two wire grid polarizers were placed after the sample to detect THz radiation with the electric field polarized along the ̂-axis. First, we performed laser-induced THz emission spectroscopy to measure the sub-ps dynamics. It is expected that the THz emission in this experiment can have two different physical origins: (i) a magnetic dipole origin where the emission is directly related to the laser-induced sub-ps change in the net magnetization, illustrated in Fig. 1 (a) [19] , [20] and (ii) an electric dipole origin where the emission is related to electric currents (JC) in Pt converted from laser-induced spin currents (JS) via the inverse spin-Hall effect, illustrated in Fig. 1(b) [21] . The electric dipole contribution therefore originates primarily from the FeRh/Pt interface. Magnetic and electric dipoles have distinctly different symmetry properties. For instance, rotating the sample around the ̂-axis by 180 degrees, while keeping the direction of the magnetic field fixed, will not affect the electric field originating from the magnetic dipole, while the electric field originating from the electric dipole will reverse sign. Following this reasoning, two types of experiments have been done where the sample was pumped either from the side of the MgO-substrate or from the Pt-film. Figure 2 shows the electric field of the emitted THz radiation excited from the MgO-substrate and Pt-film, respectively. One can see clear differences between the experiments with the two directions of pumping.
Firstly, the sign of the emitted THz electric field depends on the magnetic field, showing that the observed time-dependent electric field signal is due to a laser-induced sub-ps change of the net magnetization (see top row (panels a and b) of Fig. 2 ). However, conventional single-pump THz spectroscopy is unable to distinguish if the radiation emitted is due to the AFM-FM phase transition in FeRh, or due to a change in the magnetization of residual FM regions that did not relax back into the AFM state after previous excitation events.
Secondly, the electric field of the THz radiation changes sign when the sample is rotated by 180 degrees around the ̂-axis while keeping the direction of the magnetic field fixed. This feature was observed across all temperatures (see Fig. 2(c, d) ). The sign reversal indicates that the source of the emitted THz radiation is predominantly of electric dipole origin (see Fig. 1 (b)) [18] , [21] .
Thirdly, the THz electric field pumped from the MgO-substrate side above TPT (see Fig.  2 (c) 400 K) differs in size compared to the THz electric field pumped from the Pt-film side (see Fig. 2 
). This shows that the interpretation of the THz electric field requires the involvement of at least two sources of THz radiation with different temperature dependencies. To understand the origin of the behavior revealed by the conventional laser-induced THz emission spectroscopy, we studied the dynamics of the laser-induced THz emissivity (ΔE) in the double-pump scheme. Figure 3 shows the results as a function of the time delay between pump 1 and 2 (Δt) for two polarities of the applied magnetic field of 1.2 kG, pumped from the MgO-substrate at 300 K. It shows that ΔE reverses sign by changing the magnetic field direction, confirming that the change in the THz emission strength is caused by the magnetization dynamics in FeRh.
The most interesting observation is that below TPT, ΔE increases slowly on a timescale of 100 ps. A detailed analysis of the dynamics measured at different magnetic fields (see Supplementary (5) ) reveals that the field can strongly affect the dynamics of ΔE. However, irrespective of the magnetic field strength we observed changes in ΔE only after 20 ps (see inset of Fig. 3 ). This behavior clearly shows that the net magnetization becomes nonzero only after 20 ps.
We fitted the experimentally observed dependencies using a sum of exponential
, where 1 and 2 account for the rise and relaxation times, respectively. The details of the fitting procedure are explained in Supplementary (6) . The obtained rise time at a magnetic field of 1.2 kG (125 ps) is comparable with the period of ferromagnetic resonance in FeRh (~100 ps) [22] . Therefore, we conclude that the observed increase of ΔE is due to the transverse magnetization dynamics, i.e. the precessional reorientation of the magnetizations of the FM nuclei under the influence of an applied magnetic field.
The inset of Fig. 3 shows that in accordance with Ref. [7] a fs laser excitation generates stable FM nuclei within the AFM phase on a timescale of 20 ps. These generated FM nuclei have randomly oriented magnetizations, resulting in a zero net magnetization. Being in an external magnetic field, the magnetizations of the FM nuclei start to align along the magnetic field, leading to a rise of ΔE on a timescale of 100 ps (see Supplementary (5)).
Furthermore, it must also be concluded that below TPT the THz emission from FeRh induced by the single laser pulse must originate from residual FM nuclei which were generated by previous pump pulses. These FM nuclei had sufficient time to align their magnetizations along the applied magnetic field, but did not have enough time to relax back into the energetically more favorable AFM phase (see Supplementary (5) for more details). By performing time-resolved magneto-optical Kerr effect measurements similar to those in Ref. [19] we observed that the laser-induced ultrafast Kerr signal changes sign at the temperature of the phase transition (TPT) (see Supplementary (7) with Fig. S6 ). This behavior is similar to the dynamics of the laser-induced THz emissivity at various temperatures (see Supplementary (8) for more details). Since it is conventionally accepted that laser-excitation of a metallic ferromagnet leads to ultrafast demagnetization, we must conclude that the ultrafast dynamics above TPT is also due to the ultrafast demagnetization of the FM FeRh. The sign change shows that the change in of the THz emissivity below TPT must be due to laser-induced growth of the residual FM nuclei. Interestingly, it is also possible to deduce the timescale of the growth of the FM phase from the double-pump scheme. For this we compared the dynamics of ΔE above and below TPT triggered by pumping from the side of the MgO-substrate and the Pt-film (see Fig. 4(a, b) ), respectively. The difference between the dynamics in Figs. 4(a) and 4(b) is a result of the interplay between magnetic and electric dipole sources of the THz emission. Figure 5 depicts the THz electric fields triggered by pump 1 and 2. According to the data shown in Fig.2 , the THz emission triggered by pump 2 alone which arrives before pump 1 (red traces in Fig. 5 ) are dominated by the electric dipole contribution. The change in the emissivity in the period between the pumps (ΔE) is related to the laser-induced magnetization change ΔM i.e. ΔM = M(t) -M(t=0) (M(t=0) is the magnetization before the arrival of pump 1 and M(t) is the magnetization after the arrival of pump 1). Below TPT the first pump promotes growth of FM nuclei and ΔM>0. We first consider the case when the pump pulse approaches the sample from the side of the MgO-substrate and the sample is below TPT (see Fig. 4 (a) and Fig. 5(a) ). We start with a hypothesis that in this case both electric and magnetic dipole THz sources interfere constructively and thus ΔE>0.
Next, we consider the similar experiment in which the sample is now above TPT (see Fig.  4 (c) and Fig. 5(c) ), In this case both THz sources also interfere constructively, but since the first pump demagnetizes the FM FeRh phase, we have ΔM<0 and ΔE<0. The trace of ΔE shown in Fig.4 (c) has indeed the opposite sign compared to the one in Fig. 4(a) .
If we pump the sample from the side of the Pt-film, the electric dipole THz emission triggered by pump 2 alone will reverse sign. The electric dipole THz emission triggered by pump 2 after the arrival of pump 1 should also change sign. However, the magnetic dipole THz emission is not sensitive to the space inversion. Consequently, these two sources of THz emission will interfere destructively. Below TPT we have ΔM>0 and, as Fig. 5(b) shows, the generated THz emission from pump 2 after the arrival of pump 1 is positive (ΔE>0) if the THz emission is of magnetic dipole origin and negative (ΔE<0) if the THz emission is of electric dipole origin. Figure 4(b) shows that below TPT, at 300 K, the contribution to ΔE is dominated by the magnetic dipole mechanism for the first 350 ps, while the contribution to ΔE is predominantly of the electric dipole origin after 350 ps.
In the similar experiment in which the sample temperature is above TPT (see Fig. 4(d) and Fig. 5(d) ) the magnetization change is negative ΔM<0. As in the previous case magnetic and electric dipole sources interfere destructively, but in both cases ΔE>0. The dynamics shown in Figure 4(d) is also in agreement with this expectation.
To summarize, double-pump THz spectroscopy reveals multiscale kinetics of the AFM-FM phase transition in FeRh. The THz emission triggered by the arrival of a single fs laser pulse (pump 2 alone) is of electric-dipole origin, implying that the emission is from FM nuclei at the Pt/FeRh interface. The first pump also initiates the emergence of new nuclei in the bulk of FeRh on a timescale of 20 ps. If the FM nuclei are generated by the first pump and excited by the second pump within 350 ps, they will emit THz radiation mainly of magnetic dipole origin. The nuclei subsequently reorient their magnetizations along the external magnetic field and grow. The reorientation of the magnetizations happens on a timescale of 100 ps. Subsequent growth of the nuclei generated by the first pump leads to a growth of the net magnetization [23] . When the growing FM nuclei reach the Pt/FeRh interface, the more efficient electric dipole mechanism of the THz emission will be activated and will dominate the measured signal contribution to ΔE. Figure 4(b) shows that the dynamics of the laser-induced THz emissivity (ΔE) saturates on a timescale of 1 ns. Taking into account the thickness of the FeRh film (40 nm) we can roughly estimate that the FM domains expand with a speed of the order of 40 m/s. Sergey Semin, and Chris Berkhout from Radboud University, and Ray Descoteaux from CMRR for technical support.
Supplementary (1) Experimental Setup
The THz emission spectroscopy setup in the double pump scheme uses two linearly polarized optical pump pulses, defined as pump 1 and pump 2, both with a pulse duration of 50 fs. The pulses were generated by a Ti:sapphire laser with a regenerative amplifier operating at a repetition rate of 1 kHz. Both pumps were weakly focused down to a 2 mm beamspot at the sample. The chopper operating at 500Hz was introduced in the beam path of pump 1, which has a peak fluence of 13 mJ cm -2 at the sample surface. Pump 2 remained unmodulated with a peak fluence of 10 mJ cm -2 . Pump 1 and pump 2 were passed via separate delay stages (see Fig. S1(a) ) so that the delay between the two pump pulses could be controlled together with the delay time with respect to the gate pulse. A variable external magnetic field B was applied parallel to the ̂-axis (axes are defined in Fig. S1(a) ) to control the direction of the in-plane magnetization of the sample. Pump 1 and 2 can each generate THz emission, however the lock-in is only sensitive to the THz emission from pump 1 and the change in the THz emission of pump 2 induced by pump 1 (see the next section). The emitted THz electric field was collimated and focused onto a ZnTe crystal by two gold plated parabolic mirrors. Two wire-grid polarizers were added right behind the sample (not shown in the figure) . The wire-grid polarizers were fixed with its transmission axis parallel to the ̂-axis so that only the electric field component that is perpendicular to the magnetic field B will pass through. The gate pulse will be focused onto the ZnTe crystal as well where it will overlap with spot of the THz electric field. The THz electric field strength was measured via ellipsometry using a combination of a lock-in amplifier and an optical balance detector [1] .
(2) Two-Pump Lock-In Detection
To correctly interpret the signal by two pumps at the lock-in amplifier we first indicate all possible signals triggered by the pumps and the lock-in amplifier (see Fig. S1(b) ). We distinguish three signals,
2 ( ) = 2 sin( 2 + 2 ) + 12 sin( 1 + 1 ),
( ) = sin( + ).
(3)
1(2) is the signal triggered by pump 1(2) with an amplitude 1(2) at a repetition frequency of 1(2) and phase 1(2) . In the case of 2 , it consists of the sum of the signal from pump 2 alone and the combined signal from the coupling between pump 1 and 2, if pump 1 arrives to the sample before pump 2. Here, 2 is the signal amplitude from pump 2 at the repetition frequency of 2 and phase 2 and 12 is the signal amplitude triggered by pump 2 and modulated by pump 1 at the repetition frequency 1 and phase 1 . is the internal reference signal of the lock-in amplifier where can be fixed as a higher harmonic provided by the external function generator and is the phase of the reference signal. The repetition frequencies are set so that 1 = where /2 is 500 Hz and 2 = 2 1 . The lock-in amplifier then uses a phase-sensitive detector to multiply the sum of all signals with the internal reference signal, = 1 sin( + 1 ) sin( + ) + 2 sin(2 + 2 ) sin( + ) + 12 sin( + 1 ) sin( + ).
Solving the product of the pump induced signals with the reference signal results in two DC terms and three AC terms, 
Then the phase-sensitive detector output is passed through a low pass filter where it suppresses any AC signals. This only leaves the two DC terms as shown below
The reference phase in eq. (6) can be tuned such that cos( 1 -) can be set to 1. Then the signal detected by the lock-in amplifier is proportional to the amplitude 1 triggered by pump 1 and the coupled pump amplitude 12 as is shown in eq. (7) . If pump 1 arrives before pump 2 then 12 refers to a pump 1-induced modulation of the signal triggered by pump 2. It is clear that 12 is proportional to the laser-induced THz emissivity triggered by pump 1 and 2 (ΔE). Figure S2 shows the measured magnetic moment using a vibrating samples magnetometer during heating and cooling down the sample. Figure S3 shows the normalized signal of ΔE vs the pump fluence. Figure S3(a) shows the THz signal with two fluences of pump 1 and pump 2 fixed. Figure S3(b) shows the dynamics of ΔE with a fixed pump 1 fluence and two fluences of pump 2. This shows that the dynamics of ΔE is unaffected by the fluence of pump 2 and is only affected by pump 1. The signals from varying pump 1 fluences were fitted with the rise and relaxation times corresponding to 1 and 2 , respectively are shown in Fig. S3(c) . Figure S3(d) shows the maximum peak of ΔE from Fig. S3(a, b ) (see details on the fitting procedure in Section (6)). It shows a clear linear dependence with respect to the pump fluence. From the linear fitting we found a minimum fluence of 4.35 mJ/cm 2 for pump 1 necessary to drive the ferromagnetic phase transition which is in agreement with Ref. [2] , and 0.42 mJ/cm 2 for pump 2 for generating pump 1 induced dynamics of ΔE. Figure S4 (a) shows the dynamics of ΔE at various magnetic field strengths and Fig. S4(b) shows the fitted rise time ( 1 ) and the maximum ΔE signal. The rise time of ΔE decreases exponentially as a function of the magnetic field while the maximum ΔE signal increases with the magnetic field. The stronger ΔE signal at higher magnetic fields indicate a higher magnetization change (ΔM). This can only be explained if more FM domains align along the external magnetic field which will generate a larger net magnetization. The rise time of ΔE reaches its fastest time (~125 ps) when the magnetic field is above 0.6 kG. A small but observable signal was still present when the external magnetic field was zero likely due to the presence of the residual FM nuclei.
(3) Sample Magnetization vs Temperature

(4) Laser Fluence Dependence
(5) Magnetic Field Dependence
(6) Fitting Procedure
Due to the Gaussian waveform of the laser pulse we took the convolution of the Gaussian function with the sum of two exponential functions as our fit function,
Here σ is the laser pulse duration. Below TPT, 1  and 2 are interpreted as the rise time to the ferromagnetic phase and relaxation time back to the antiferromagnetic phase, respectively. Above TPT, 1 is interpreted as the recovery time of the ferromagnetic order. Figure S5(a) shows three examples of the fit at 300 K, 370 K, and 400 K at a fixed magnetic field of 0.6 kG while Fig. S5(b) shows three examples of the fit at 0.06 kG, 0.6 kG, and 1.05 kG at a fixed temperature of 300 K.
During the fitting of the ΔE dynamics at various temperatures A0, A1, and A2 are free parameter while we fixed the parameters A0, A1, and A2 for the magnetic field dependent fits since the fitted data were all normalized with respect to their maximum ΔE signal.
(7) TR-MOKE
Time-resolved longitudinal magneto-optical Kerr effect (TR-MOKE) were performed to measure the magnetic response from the fs laser excitation. Figure S6 shows the TR-MOKE signal at 300 K (top panel) and 400 K (bottom panel). The polarization rotation induced by the change in magnetization in FeRh shows two different dynamics above and below TPT, respectively. Conventional wisdom dictates that in the FM phase the ultrafast TR-MOKE signal must come from the ultrafast demagnetization of the ferromagnetic order [3] . One must then conclude that if the TR-MOKE of FeRh above TPT comes from the ultrafast decrease in the magnetization, then the TR-MOKE below TPT where the signal changes sign must come from the increase in the magnetization. The response time of the TR-MOKE below TPT is comparable to the behavior of the Kerr signal in Ref. [4] . Figure S7 (a) shows the dynamics of ΔE pumped from the MgO-substrate side at various temperatures and Fig. S7(b) shows the fitted relaxation time ( 2 ) and the absolute value of the sub-ps drop in the ΔE signal. The dynamics of ΔE in Fig. S7(a) show a slow rise on the timescale of ~100 ps below TPT. Above TPT ΔE show a strong sub-ps dynamic that is opposite in sign with respect to the ΔE signal below TPT. However, near TPT the dynamic of ΔE show a combination of the two effects. These observed dynamics are in good agreement with the XMCD results reported in Ref. [2] .
(8) Temperature Dependence
The exponential behavior of 2 (see Fig. S7(b) ) shows that the relaxation process from FM to AFM stops near TPT since the FM phase can now coexists with the AFM phase. This region is indicated by the orange region in Fig. S7(b) . It is well known that fs laser excitation of a metallic ferromagnet will trigger THz emission due to sub-ps demagnetization [5] . Therefore, the dynamics of the laser-induced THz emissivity above the transition temperature must be interpreted as a decrease of the net magnetization as a result of the laser-induced demagnetization. The dynamics of the laser-induced THz emissivity below TPT then must be assigned to an increase of the net magnetization. 
